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Direct Measurement of 
Polarization-Induced Fields in 
GaN/AlN by Nano-Beam Electron 
Diffraction
Daniel Carvalho1,2, Knut Müller-Caspary3, Marco Schowalter3, Tim Grieb3, 
Thorsten Mehrtens3, Andreas Rosenauer3, Teresa Ben1,2, Rafael García1,2, Andrés Redondo-
Cubero4,5, Katharina Lorenz4, Bruno Daudin6 & Francisco M. Morales1,2
The built-in piezoelectric fields in group III-nitrides can act as road blocks on the way to maximizing the 
efficiency of opto-electronic devices. In order to overcome this limitation, a proper characterization 
of these fields is necessary. In this work nano-beam electron diffraction in scanning transmission 
electron microscopy mode has been used to simultaneously measure the strain state and the induced 
piezoelectric fields in a GaN/AlN multiple quantum well system.
GaN, AlN, and their related alloys are wide (direct) band gap semiconductors with high thermal and mechanical 
stability. They have attracted great attention for the fabrication of optoelectronic devices operating in the visible 
and ultraviolet regions at high power and under harsh environmental conditions1,2. Multilayered III-N structures 
are used to change the potential energy along the structure which confines the electrons and holes locally and 
increases the radiative recombination probability, as the behaviour of excitations in these heterostructures is 
dominated by strain-induced phenomena at the interfaces3.
The quantification of strains at the nanoscale is essential for the development of new electronic devices and 
for the improvement of existing ones. Besides techniques such as X-ray diffraction and Raman spectroscopy, 
transmission electron microscopy (TEM) allows strain analyses with a high spatial resolution of a lattice plane 
distance. Although being a powerful technique to determine the strain state of layered crystals, quantitative anal-
ysis of high-resolution transmission electron microscopy (HRTEM) micrographs is hampered due to the struc-
tural response of the nanostructure to the thinning of the specimen which usually leads to a bending or buckling 
of the heterostructure due to differences in the elastic constants of the constituent materials. Moreover, when 
semiconductor structures are epitaxially grown below their critical layer thickness, the true biaxial strain tends to 
relax during the specimen thinning (needed for the electron-transparency required in TEM imaging), and is one 
limitation of HRTEM-based quantifications4, among others5. Alternatively, dark field electron holography and 
nano-beam electron diffraction (NBD), which do not require extremely thin specimens (>50 nm) can also be 
used to measure strains at the nano-level6–8. For example, NBD has been used for analysing nano-devices with a 
strain sensitivity of 0.1%7,8. One advantage of using NBD over electron holography and HRTEM9 is that it can be 
performed using Scanning-TEM (STEM) probes, offering a practically unlimited field of view.
For bulk group III-nitrides at ambient conditions, the wurtzite (2H) hexagonal phase is energetically more 
stable for both AlN and GaN and their alloys, compared to the zinc-blende (3C) cubic phase, or to the intermedi-
ate possible polytypes. This crystalline structure is non-centrosymmetric with a singular polar axis causing the 
formation of an electric dipole in the unit cell due to the lack of coincidence of the centre of mass of the negative 
charge in the N tetrahedrons and the positive charge of the Al/Ga atoms10. The dipole gives rise to a spontaneous 
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polarization (Psp) across atomic monolayers whose strength is strongly dependent on the difference between the 
internal cell parameter u and its ideal value 3
8
 11. Additionally, in the presence of strain, a piezoelectric polarization 
(Ppz) is created at the materials interface due to the lattice mismatch that can create fields in the MV/cm range12–14. 
These fields affect the device performance of light emitting diodes and lasers negatively due to the 
quantum-confined Stark effect13,15–17. However, in the case of heterostructure field-effect transistors (HFETs) the 
high sheet carrier concentrations at the interfaces, due to the built in electric fields, is the reason for the outstand-
ing performance of III-N based HFETs18. A detailed understanding of the fields is thus essential for the proper 
design of devices.
Electron holography has been successfully used to study the effects of polarization in group III-nitrides in the 
recent past19–21. However, there it needs a vacuum region near the region of interest which in addition should have 
a uniform thickness of more than 160 nm in order to achieve reliable data22. Thus, the material preparation for 
these analyses is very demanding and a non-optimal specimen pre-thinning can introduce false strain and bend 
contours. In-line holography circumvallates most of the limitations inherent in off-axis holography. However, 
in-line holography requires the use of various defocused images taken at large defocus ranges or a model based 
approach to relate the complex electron wavefunction to the image intensity by a computational algorithm23. And 
thus, cannot be considered a direct technique. Another alternative for mapping electric fields is NBD, as recent 
reports have shown that it can be used to map electric fields at atomic scales in extremely thin (<5 nm) speci-
mens24,25. Müller et al.24 related diffracted intensities to the expectation value of the momentum transfer caused by 
the change of the Coloumb potential due to the radial variation of the charge density around the atomic column. 
Shibata et al.25, on the other hand used differential phase contrast electron microscopy (DPC) to measure the field 
induced shift in the transmitted beam using a segmented four-quadrant detector. This is an established method 
for measuring magnetic fields26 and has recently been proposed as a tool to image electric fields27. However, quan-
tification of fields by DPC remains a major challenge due to artefacts arising from dynamical diffraction effects.
In this article, we show that NBD combined with an energy filter and STEM conditions can directly and 
quantitatively profile electric fields in III-N nano-hetrostructures. The main advantages of the proposed method 
of mapping electric fields are (i) the simple specimen preparation conditions, although uniform thickness in 
the electron-transparent region of interest is required, and (ii) the simple interpretation of the data which is not 
affected by influences such as small defocus variations, loss of the high resolution pattern, and exact zone axis 
orientation. And, contrary to conventional DPC, we are able to record both the primary beam and diffracted 
beam simultaneously and to determine their positions accurately. For medium variations of electric fields, such 
as those considered in this work, the primary-beam position is used to determine the direction and magnitude of 
the electric-field, and the change of the diffracted beam position is used to determine the strain simultaneously. In 
this way, we can separate the spontaneous and piezoelectric contributions from the total electric field as the piezo-
electric constants and composition are known. We verify our results by modelling these fields using the chemical 
composition profiles measured by high-resolution energy-dispersive X-ray spectroscopy (EDX).
Results and Discussions
Figure 1a shows an HAADF image of the region which was used to collect an EDX map (Fig. 1b shows the Ga 
signal). Figure 1c shows the profile derived by integrating the Ga map perpendicular to the growth direction. 
From these analyses, the average composition of the ~2 nm multi-quantum wells (MQWs) was determined to be 
Al0.2Ga0.8N having sinusoidal-like shapes of graded compositions with a maximum molar fraction of 20% AlN at 
their centres, and the ~5 nm spacers were found to be pure AlN. This information was used to simulate the strain 
in the TEM prepared specimen by finite elemental method (FEM) in order to check the effect of stress relaxation 
on the QWs28. The results of FEM modelling showed that for lamella thicknesses over 50 nm, this relaxation is 
negligible. Since the local thickness of the region where our NBD patterns were recorded is around 65 nm, strain 
relaxation during sample preparation should not have any appreciable effect on the measured strain. Additionally, 
high-resolution bright field STEM images (as shown in Fig. 1d) revealed by associating the contrasts to the posi-
tions of III-group and N atomic columns that the structure is wurtzite, and grown in the [0001] polar direction 
with all the III-N material pseudomorphically grown to the relaxed AlN buffer placed beneath.
To detect the deviation of the disc positions in the NBD patterns promoted by the strain at the interfaces, the 
Strain Analysis by Nano-Beam Electron Diffraction (SANBED)8,29 method was used. Supplementary material S1 
explains, in detail, the process to measure the disc positions in NBD patterns. The specimen was tilted, approxi-
mately 12 degrees from the [0110] zone axis, to excite only the systematic row of 000.2n reflections, next the 
intensity was scaled logarithmically and the positions of the 0002 and 0000 were measured by cross-correlation.
Figure 2a shows the first two quantum wells, which were grown directly after the growth of two test wells, 
where the NBD patterns were collected. Figure 2b shows a typical pattern acquired by NBD. For the camera 
length used, the direct- beam and the 0002 beam occupy almost the entire charge-coupled device (CCD), thus 
allowing for a precise measurement of the beam shift due to the strain or built-in polarization fields.
The experimental profiles (calculated by the SANBED method) of the relative lattice parameters with respect 
to relaxed AlN in the c direction (strain ε[0001]), shown in Fig. 3, are in agreement with simulated data (assuming 
well-defined 2 nm homogeneous Al0.2Ga0.8N wells, lattice-matched in the a-direction to the 5 nm relaxed AlN 
spacers, and to the AlN substrate) shown by the red curve.
Assuming this in-plane lattice coherence, the polarization fields can be determined independently from EDX 
and the NBD data. The piezoelectric polarization Ppz is calculated using the following relationship:
ε ε ε= + +e e eP (1)c a b
pz
33 31 32
Which simplifies to
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ε ε= + ⋅e eP 2 (2)c a
pz
33 31
for biaxially strained hexagonal materials, since εa = εb;
Where e33 and e31are piezoelectric coefficients30, and εc and εa are the out-of-plane and in-plane strains, respec-
tively. Additionally, εc and εa are related to each other by the biaxial strain relaxation coefficient:
ε ε= − ⋅ ⋅
C
C
2
(3)c a
13
33
By combining Equations 2 and 3, the piezoelectric polarization takes the form:
Figure 1. (a) HAADF image showing the ROI where the EDX was performed. (b) Is the EDX map of the Ga 
concentration, (c) is the concentration profile of Ga obtained by integrating the EDX map perpendicular to 
the growth direction. (d) shows an HR-BF STEM micrograph which was used to determine the [0001] growth 
direction of the heterostructure.
Figure 2. (a) HAADF image showing the ROI where the bright regions correspond to AlGaN and the dark 
regions to AlN where the NBD profile was measured. (b) Shows the 0000 and 0002 diffraction discs of a typical 
pattern collected from the region.
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where C33 and C13 are the relevant elastic constants. The relationship between the strain and composition of a 
pseudomorphically grown layer, given in Supplementary Material S2, allows us to calculate and compare the 
piezoelectric polarization independently from composition and strain data.
The values of c0, a0, C13, C33 along with those of the spontaneous polarization (Psp), were calculated by linear 
interpolation of the AlN and GaN values tabulated in Table 1. Along the line generally accepted for lattice con-
stants, the application of linear interpolations to the elastic constants Cij as a function of composition (x,y,z) has 
been found to be very reliable in InxAlyGazN materials31–33. Supplementary Material S2 details this process.
In S2 the one-to-one relationship between the strain and composition for pseudomorphically grown AlGaN/
AlN quantum wells is shown. This allows us to use either strain data to derive the composition or to use compo-
sition data to derive the strain, which can then be employed to calculate Ppz via equation (4). The piezoelectric 
constants e31, e33 and the spontaneous polarization Psp were also determined using interpolation of the AlN and 
GaN values (Table 1 lists the values used for the calculation) in the following way:
= ⋅ + − ⋅e x x e x e( ) (1 ) (5)ij
AlGaN
ij
AlN
ij
GaN
= ⋅ + − ⋅P x x P x P( ) (1 ) (6)sp AlN
sp
GaN
sp
The negative sign of Psp in Table 1 indicates the direction of the polarization component. For an Al-face struc-
ture, the spontaneous polarization vector points towards the [0001] direction (the substrate), therefore a negative 
value18. Similarly, for a tensile strained layer the piezoelectric polarization also points along [0001]. Since the value 
of composition x and the strain εc can be derived from both EDX and NBD data independently 
(S2 presents details of this calcualtion) equations (4) and (6) can be derived independently by both methods. Now, 
the total polarization (Ptot) is the sum of the two polarizations (Ppz + Psp). Figure 4 shows Ppz and Psp determined 
using the NBD measurements along with the total polarization deduced from strain measurements extracted from 
both NBD and EDX independently. Both measurements give reasonably identical values for the total polarization.
To measure the electric field directly, the deflection of the central beam was calculated from its position which 
has been calibrated by using the 0002 reflection and the known Bragg angle of 7.905 mrad in pure AlN. The field 
E is then δθ⋅ ⋅
⋅−
m v
e t
tan( )2  where m is the relativistic mass of the electron, e– and v its charge and velocity respectively, 
and t the thickness of the specimen. Figure 5 shows the electric field calculated from the NBD data set. From here 
we see that the electric field in the quantum well has a value of around 3 MV/cm, which is 50% less than the value 
Figure 3. Lattice mismatch profiles acquired by evaluating the shift in the 0002 diffraction discs with 
respect to the positions of the 0000 discs in the NBD series. 
c0 nm a0 nm e33 C/m2 e31 C/m2 C13 GPa C33 GPa Psp C/m2
AlN 0.4980932 0.31119732 1.4642 −0.642 17032 40432 −0.08142
GaN 0.518531 0.3188431 0.7342 −0.4942 10131 39531 −0.02942
Table 1. Constants used in this work, with references.
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calculated using the strain and composition measured by NBD and EDX, respectively. This drop in the electric 
field may be ascribed to the charge screening by the background doping concentration, surface barrier potential 
and to the presence of an electrically ‘dead’ layer that runs around the entire surface of the specimen34 which 
means the total active specimen thickness is lower than the measured 65 nm.
Across interfaces, the polarization induces an accumulation of charge carriers14. This induced polarization 
charge density (ρpol) can be calculated by numerical differentiation of the polarization profiles, as:
ρ = −∇ ⋅ P (7)pol tot
The plot of the charge density is shown in Fig. 6. Here we notice that the positive charges accumulate at the 
upper interface of the quantum wells, while the negative charges accumulate at the bottom interface, from the 
plot, the maximum polarization charge density is approximately 3 × 1020 e/cm3 from the NBD derived data, and 
close to 1 × 1020 e/cm3 derived using the composition profile from EDX measurements. The charge sheet density 
σAlGaN/AlN at the AlGaN/AlN interface is calculated simply by the difference in the total polarization of the barrier 
and quantum well −P P( )AlN
tot
AlGaN
tot , which gives ~4 × 1013 e/cm2. These values are consistent with those reported 
for an AlN/GaN interface calculated from electron holography data21. Fiorentini et al.35 demonstrated that the 
magnitude of the total electric field across each well (Ew), (in SI units), promoted by the polarization charges can 
be calculated using the following equation if the screening of these charges is ignored.
Figure 4. Individual values of the piezoelectric (Ppz) and spontaneous (Pps) polarization obtained from 
NBD, along with the total polarization obtained from both NBD (PNBD
tot ) and EDX (PEDX
tot ).
Figure 5. Electric field profile obtained by relating the shift in the 0000 diffraction discs to the electric field 
in the sample. 
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ε ε ε
=
−
+
E L P P
L L
( )
( ) (8)w
b AlGaN
tot
AlN
tot
b AlGaN w AlN0
In equation (8) Lb and Lw are the barrier and well heights, respectively and ε0 is the permittivity of free space, εAlGaN  
and εAIN are the relative permittivity of AlGaN and AlN respectively. This gives a field magnitude of 6.44 MV/cm, 
which is slightly larger than our measurement of 3 MV/cm for the reasons mentioned above.
Finally, to compare our method to DPC which is an accepted and established method for measuring electric 
fields, using MATLAB, we created a mask which simulates the function of a two arm segmented detector. This 
mask can be considered a virtual detector it has a width of 1.55 mrad and an inner angle of 6.85 mrad. The virtual 
detector subtends an angle of 90° from the centre of 0000-reference disc. Figure 7a shows the image of the virtual 
detector used for ‘digital-DPC’ measurements, the two arms of the detector are labelled V and W. Figure 7b shows 
Figure 6. Profiles of polarization induced charge densities obtained from NBD and EDX independently. 
Figure 7. (a) shows the image of the virtual detector used for digital-DPC. (b) Shows the reference 0000 disc 
used to calculate the reference signal. (c) shows the background subtracted experimental and reference DPC 
signal. (d) Plots the BF (total spot intensity) along with the normalised experimental and reference DPC signal.
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the reference 0000 disc used to calculate the reference signal of the electric-field-induced displacement. Figure 7c 
shows the signal acquired by both the shift of the reference disc as well as the experimental DPC signal (V-W). 
As can be noticed from Fig. 7c, the difference in the magnitude of these two measurements is high. This can be 
attributed to the higher scattering cross-section of Ga as compared to Al, which causes a drop in the intensity of 
the transmitted beam in the Ga-rich regions. To overcome this, we normalise the DPC intensity by dividing the 
signal with the total intensity of the 0000 disc or the bright field (BF)-intensity. Figure 7d shows the normalised 
DPC experimental and reference along with the BF intensity. Taking a closer look at the data we see that neither 
the shape nor the magnitude of the DPC signal are in agreement with the reference signal. This is due to the com-
plex origin of the features within the transmitted beam which arise from dynamical diffraction contributions. 
DPC data is thus prone to errors due to the inner structure of diffracted discs24. It should be added here that the 
DPC profiles in Fig. 7d cannot be compared to the electric field profiles acquired by our method, shown in Fig. 5 
as the DPC profiles are not quantitative due to the effect of dynamical diffraction in the spots.
Conclusions
In this work we report the use of NBD to determine the electric field induced by the piezoelectric polarization in 
a multi-quantum well (MQW) nano-structure. Using NBD both the strain and electric field could be determined 
independently in one single experiment. Digital-DPC was performed by applying a ‘virtual’ DPC detector to the 
diffraction patterns, recorded with a CCD camera, in order to compare the two techniques, and it was found that 
the intensity variations within the transmitted beam strongly contribute to the signal, thus rendering the method 
ineffective for direct field measurements. Recently in-line holography36 was used to measure the piezoelectric 
charge density at the quantum well interfaces, where most of the limitations imposed by specimen preparation 
conditions for off-axis holography are not a hindrance. However, as stated earlier, it cannot be considered a direct 
technique and as in-line holography needs long exposure times (~10 s/image), this can create a problem while 
measuring the charge density or potential in a specimen due to radiation induced charge migration and a poten-
tial build up in the illuminated area of the sample37. In contrast, the extraction of strain and electric field by the 
method discussed here are relatively simple. In the use of NBD this is not a problem as each pattern takes only a 
second at most and is a technique routinely used in electron microscopy. To conclude, this is the first method to 
be able to characterize both, the strain as well as electric field from one dataset and has overcome most limitations 
posed by the other techniques presented above. The experimentally measured electric field at the interface of the 
quantum well was of the order of 3 MV/cm and the polarization charge density is approximately 3 × 1020 e/cm3.
Methods
The MQW sample was grown by molecular beam epitaxy (MBE) on the basal plane of an AlN/sapphire pseudo- 
substrate. The growth details are reported elsewhere38. It was prepared for cross-sectional TEM investigation in a 
focused ion beam (FIB) facility using a lift-out technique, followed by Ar+ etching at 350 V and a 20° oscillation 
angle with a Technoorg Linda (Model GM IV5) low energy ion milling system to remove the amorphization on 
the specimen surface due to the FIB etching. The local specimen thickness was determined by comparing the 
high-angle annular dark-field (HAADF) signal recorded with a detector acceptance angle range of 33–200 mrad 
(normalized to the intensity of the incoming beam) to the thickness-dependent frozen lattice multi-slice sim-
ulations for pure AlN carried out with the STEM simulation program STEMsim39. Using this method40,41, the 
specimen thickness was determined to be approximately 65 nm. COMSOL was used to carry out FEM analysis.
NBD patterns were collected as described previously8, by recording them sequentially along a line profile in 
STEM mode with the incoming beam parallel to the growth plane in an FEI TITAN 80/300 G1 microscope at 
Bremen, Germany. Inelastically scattered electrons (plasmons, core excitations) were filtered out using a Tridiem 
863 Gatan image filter operated in zero-loss mode with a slit width of 10 eV. Energy-dispersive X-ray (EDX) spec-
troscopy was performed using the ChemiSTEM Technology on an aberration-corrected FEI Titan 80–300 TEM 
microscope fitted with a Super-X EDX detector system at the FEI Company, Eindhoven, Netherlands.
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